While magnetorheological fluids can be used for ultra-precise polishing, for example, of advanced optical components, oxidation of metallic particles in water-based magnetorheological fluids causes irregular polishing behavior. In this study, carbonyl iron microspheres were initially coated with silica to prevent oxidation and were used to polish BK7 glass. In addition, their rheological and sedimentation characterizations were investigated. Material removal and surface roughness were analyzed to investigate the surface quality and optimal experimental conditions of polishing wheel speed and magnetic field intensity. The maximum material removal was 0.95 mm at 95.52 kA/m magnetic field intensity and 1854 mm/s wheel speed. A very fine surface roughness of 0.87 nm was achieved using the silica-coated magnetorheological fluid at 47.76 kA/m magnetic field intensity and 1854 mm/s wheel speed.
Introduction
Among the various engineering applications of magnetorheological (MR) fluids, ultra-precision polishing using smart materials such as MR fluids has been adopted for finishing of advanced optical and micro parts (Wereley et al., 2006) . These MR fluids are a phase-controllable suspension comprising a mixture of carbonyl iron (CI) particles and non-magnetic carrier fluids such as mineral oil and water, and their behavior can be controlled by flow properties such as shear viscosity and stiffness (Jacobs, 2007; Jacobs et al., 1998; Kordonski and Golini, 1999) . The MR polishing method can minimize subsurface damage and therefore can be applied to various materials and shapes (Shin et al., 2004) . However, because the CI particles comprise mostly Fe, water-based MR fluids can easily be oxidized if the fluids are exposed to air or water for a long time. To prevent the corrosion of CI particles due to their oxidation, stabilizer such as Na 2 CO 3 or glycerin was added (Jacobs, 2007) . Especially, the addition of Na 2 CO 3 can raise the pH to temporarily prevent the corrosion of CI particles due to their oxidation, but it will eventually cause pH change for its long-term or continuous use. The particle's oxidation can result in irregular polishing performance, and corrosion is one of the several factors that can reduce the lifetime of MR fluids and polishing machine. Therefore, many studies have focused on developing coating technologies for MR particles, either polymeric (Fang et al., 2010; Ko et al., 2009) or inorganic (Bombard et al., 2007) , to prevent corrosion of CI particles (Jiang et al., 2010; Lim et al., 2004; Shafrir et al., 2009) . These coating treatments also improve the dispersion stability of MR fluids.
A previous study reported that the corrosion of CI particles can be reduced by coating the CI particles with silica (Liu et al., 2011) . A zirconium dioxide coating on CI particles was also found to prevent corrosion and play a role as an abrasive (Miao et al., 2011; Shen et al., 2010) . While chemical and rheological properties of material can be changed with different coating methods, so far detailed investigations of the polishing characteristics have not been undertaken, and further examination on the rheological and magnetic properties is required.
In this study, CI particles were coated with silica, and the rheological properties of both silica-coated and uncoated CI particles were compared. MR polishing experiments were carried out to investigate the polishing properties of four different types of MR fluids: uncoated CI particles, uncoated CI particles with abrasives, silica-coated CI particles, and silica-coated CI particles with abrasives. BK7 glass, which is widely used to fabricate optical parts, was used as a polishing sample. A series of experiments were performed to evaluate material removal and surface roughness according to the changes in the processing parameters. Finally, the results are analyzed and discussed to verify the effect of the experimental conditions and the polishing characteristics of different MR fluids.
Experimental details

Materials
Soft-magnetic CI particles (CM grade; BASF, Germany) were selected as a typical magnetic particle for MR fluids. Methacrylic acid (MAA; 99%; Junsei Chemical Co. Japan), vinyltrimethoxysilane (VTMOS; 98%, Sigma-Aldrich, USA), tetraethyl orthosilicate (TEOS; 98%, Sigma-Aldrich), and ammonium hydroxide (25%-28%; DC Chemical Co. Korea) were used as grafting agents. De-ionized (DI) water was used as the carrier fluid.
Silica coating process
The fabrication process of the silica-coated CI particles is described in Figure 1 . First, the surfaces of the CI particles were treated with MAA in ethanol with an ultra-sonifier for 30 min and then VTMOS was poured into ethanol. The treated CI particles were then washed in ethanol. The VTMOS-grafted CI particles were dispersed in a mixture of TEOS and ethanol with vigorous mechanical stirring (400 r/min) to prevent sedimentation of the CI particles during the coating process. A solution of ammonia mixed with ethanol was added to the treated CI particles to accelerate both the hydrolysis and condensation processes of TEOS (Sto¨ber et al., 1968) . After 24 h, the silica-coated CI particles were obtained after being washed with ethanol. The particles were then dried for 48 h. The density of silica-coated CI particles was measured to be 6.32 g/cm 3 , which was lower than that of the uncoated CI microparticles (7.91 g/cm 3 ).
Characterization
Scanning electron microscopy (SEM; JEOL S5500, Japan) was used to compare the morphology of the silica-coated and uncoated CI particles. The working MR fluid was prepared by mixing the CI particles in DI water which would serve as a soft polishing pad. Therefore, a steady shear test was necessary to evaluate the rheological properties of the MR fluid under different applied magnetic field intensities. The measurement was conducted using a rotational rheometer (MCR 300, Physica; Anton-Paar, Germany) equipped with an MR device (MRD 180; Physica). A parallel plate measuring system ([ = 20 mm, 0.8 mm gap) with a shear rate range from 0.1 to 1000 1/s was used.
MR polishing test
An illustration of our custom-made MR polishing system is shown in Figure 2 (Cho et al., 2011) . Unlike typical MR polishing systems which use only MR fluid with CI particles, DI water, and stabilizer (Na 2 CO 3 and glycerin), we can reuse the abrasive slurry as it is supplied from a separation supply system we developed. The shear viscosity of the MR fluid can be maintained constant due to its MR behavior under the influence of a polishing wheel surface magnetized by an electromagnet. This system does not use a mixture of the MR fluid and non-magnetic abrasives. Thereby, the MR fluid and abrasive slurry are separately applied to the rim of the polishing wheel. A specific collection system is not necessary and the amount of abrasive can be controlled. Therefore, this system can provide improved polishing efficiency and a cooling effect. A magnetic field is applied to the rotating wheel, and then the entire rim of the rotating wheel is magnetized. The MR fluid is applied to the rim of a magnetized rotating wheel, and the abrasive slurry is applied onto the MR fluid layer stiffened by the applied magnetic field. The required amounts of MR fluid and abrasive slurry are supplied to the rim by nozzles A1 and A2, respectively.
Here, the stiffened MR fluid layer acts as a polishing pad. The main purpose of reformer A2 is to ensure that the thickness of the stiffened MR fluid layer remains uniform and to fill up and refresh the MR fluid. Nozzle B is mainly used to separate the used abrasive slurry for recycling. Because the MR fluid and abrasive slurry supply systems are separate, recycling of the abrasive slurry is possible, and a relatively small amount of MR fluid is required. In addition, it is easy to control the flow rate of the abrasive slurry for more effective polishing. MR fluid scriber C is used to skim off the remaining abrasive slurry on the outer side of the used MR fluid. A1 and A2 can always supply fresh MR fluid.
The experimental setup for the MR polishing experiment is shown in Figure 3 . A rotating wheel with electromagnets was installed on the table. Three-axis motion stages (two linear and one rotational) were assembled on the table for feeding and positioning of the workpiece. The right-hand-side photograph is a magnified view of the polishing zone. The magnetized wheel ([ = 120 mm) was rotated by a servo motor where the speed could be controlled over the range of 0-6180 r/min. The workpiece was fixed on the rotation stage by a vacuum chuck. A precise laser sensor was installed to detect and compensate for tilting errors. Results and discussion Figure 4 shows SEM images of the CI particles before and after coating with silica, confirming a significant morphological change as a result of coating. The silicacoated CI had a much rougher surface than the uncoated sample, verifying that coating of the surfaces of the CI particles with silica was successful. Figure 5 shows the rheological flow curve of both pure CI and silica-coated CI-based MR fluids under the influence of different magnetic field intensities. At zero magnetic field, two MR fluids exhibited nearNewtonian fluid-like behavior. With increasing magnetic field, the shear stress of both these MR fluids increased and then plateaued over the entire shear rate and shear stress range. The shear viscosity of the MR fluid as a function of applied magnetic field exhibited shear-thinning behavior for all magnetic field strengths. Figure 6 shows the shear viscosity curve of MR fluids with different concentrations of either uncoated or silica-coated CI particles. The shear viscosity decreased with increasing shear rate, and the shear viscosity values of the silica-coated CI MR fluid were lower than that of the uncoated CI MR fluid. Meanwhile, because the density of the silica-coated CI MR fluid was lower than that of the uncoated CI MR fluid, it was difficult to obtain a similar viscosity at the same concentration of CI particles. Thus, the shear viscosity test should be performed as a function of CI particle concentration in the MR fluid.
Furthermore, while MR fluids have been widely used in many industries due to their rapid response time, high yield strength, wide working temperature range, and good stability, sedimentation problems still occur due to the density difference between the particle and medium fluid. An effective MR fluid should have excellent stability and dispersibility. In this study, the sedimentation ratio was investigated using a test tube method. As can be seen in Figure 7 , it was found that sedimentation of uncoated CI-based MR fluid finished after 5 min, while only 60%-70% of the silica-coated CI particles in the MR fluid settled after 30 min, indicating that the stability of the silica-coated MR fluid is much better than that of the uncoated MR fluid due to lower density. Moreover, as for the oxidation test, the corrosion problem due to oxidation can induce unpredictable polishing results or surface damage because the corrosion of CI particles could affect rheological behavior of the MR fluid, resulting in pH change in the MR fluid. In order to evaluate the corrosion state, the pH of MR fluids was measured using a pH meter. In this study, two kinds of CI particles were mixed in water to check the pH change, and the pH value was checked after a certain period of time. Especially, the corrosion of the MR fluid with uncoated CI particles was confirmed without the addition of an alkaline medium, such as Na 2 CO 3 , because the two kinds of CI particles should be compared for the corrosion itself. The pH decreased over time, indicating that corrosion was occurring. The rate of change in the pH of the uncoated MR fluid was larger than that of the coated MR fluid, demonstrating that the coating process had an anti-corrosion effect. The silica-coated MR fluid remained alkaline, even after a few hours. Therefore, the silica-coated MR fluid can be applied to the MR polishing process for a longer period than uncoated fluids (Figure 8) .
To test material removal at the polishing spot, a series of experiments were performed to evaluate the material removal depth. The compositions of the MR fluids prepared are listed in Table 1 . The polishing slurry was adopted depending on its usage in the experiments. A nano-ceria slurry was used as the abrasive slurry. The compositions can greatly affect the material removal and surface roughness of the sample. Processing parameters such as the wheel speed, magnetic field intensity, polishing time, and gap distance can critically affect the efficacy of MR polishing. Thus, magnetic field intensity, polishing time, and gap distance were fixed to investigate the effect of wheel speed.
The experimental conditions for material removal are listed in Table 2 . The polishing results were measured using a non-contact three-dimensional (3D) surface profiler (NS-E2000; Nanosystem, Korea). The material removal depth increased with increasing wheel speed. However, the material removal depth decreased above 1845 mm/s, because the chain-like structures of the MR fluid formed under the magnetic field were destroyed at excessively high wheel speeds (Figure 9 ).
The material removal depth was the largest (0.95 mm) for the uncoated MR fluid with abrasive slurry. The measured polishing spots are shown in Figure 10 . These results can be explained by different shear viscosities, applied pressures, and normal forces for the different MR fluid types. Figure 11(a) shows that the normal force of silica-coated MR fluid was lower than that of the uncoated MR fluid, as the chainlike structure becomes soft for the silica-coated MR fluid when under the influence of the magnetic field. That is, silica served as a protective layer on the CI particles. The MR effect of silica-coated MR fluid was also weakened under the same magnetic field strength. The normal force was measured for 60 s at 31.85 kA/m of magnetic field. Figure 11(b) shows the normal force as a function of gap, in which the maximum normal force was at 0.7 mm gap. In actual experiments, the gap distance was 0.8 mm where the difference was due to the thickness of the abrasive slurry layer. Furthermore, additional experiments were carried out to investigate the surface roughness of BK7 glass polished using different fluids. The conditions for the experiments are listed in Tables 3 and 4 . Experiment #1 was performed to identify the effect of magnetic field intensity, while Experiment #2 was conducted to verify the effect of wheel speed. Figure 12 shows the measured surface roughness with different MR fluid types and magnetic field intensities at 1854 mm/s wheel speed (shear rate of 2318/s). The measured surface roughness improved with decreasing magnetic field intensity for all MR fluids. As a result, in the case of silica-coated MR fluid with abrasive slurry, very fine surface roughness was obtained at the lowest magnetic field intensity of 47.76 kA/m. Figure 13 shows the measured surface roughness for different MR fluid types and wheel speeds at 47.76 kA/ m magnetic field intensity. The surface roughness improved with increasing wheel speed for all MR fluids. As a result, the surface roughness was improved considerably up to a speed of 1854 mm/s. However, the surface roughness increased when the wheel speed was above 1854 mm/s because the chain-like structures were destroyed as the centrifugal force at the wheel surface was larger than the magnetic attraction between CI particles. In the case of silica-coated MR fluid with abrasive slurry, a very fine surface roughness was obtained. Finally, very fine surface roughness at 1854 mm/s and 47.76 kA/m was obtained using the MR polishing process with silica-coated MR fluid with abrasive slurry. The surface integrity was also improved due to the effect of the abrasive on the surface and the decrease in scratches. Figure 14 compares the surface profiles before and after the MR polishing process. The silicacoated MR fluid with abrasive slurry produced very fine surface roughness and a smooth surface profile. Therefore, it is concluded that the MR polishing process with silica-coated MR fluid with abrasive slurry can produce products with an improved surface integrity.
Conclusion
Four different types of MR fluids for polishing were prepared and their rheological, sedimentation, pH, and oxidation properties were investigated. In addition, a series of MR polishing experiments were carried out to examine the polishing quality of BK7 glass using different MR fluids. The shear viscosity of the silica-coated MR fluid was lower than that of uncoated MR fluid at same magnetic field intensity, while the viscosity of the MR fluid with 50 wt% silica-coated CI particles and 1 wt% glycerin was similar to that of uncoated MR fluid. The silica-coated MR fluid had better dispersion stability than the uncoated sample as the density difference between DI water and the silica-coated CI particles was smaller. The pH of the silica-coated MR fluid was higher than that of the uncoated MR fluid and stayed alkaline for several hours, indicating that the coating process had an oxidation resistance effect. In the case of uncoated MR fluid with abrasive slurry, the highest material removal depth (0.95 mm) was obtained at a rotation speed of 1845 mm/s. However, in the case of the silica-coated MR fluid, the lowest material removal was observed due to a weakened effect of the magnetic field and weaker chain-like CI structures. Furthermore, these weak chain-like structures can minimize the scratches on the workpiece. Therefore, a very fine surface roughness (Ra = 0.87 nm) was obtained at a magnetic field of 47.76 kA/m and rotation speed of 1854 mm/s (2318/s shear rate) using the silica-coated MR fluid with abrasive slurry. Finally, silica-coated MR fluid has suitable rheological properties for the MR polishing of glass. Therefore, it is expected that Figure 11 . Results of normal force according to coated and uncoated MR fluids. coated CI particles can be used in MR polishing fluids to achieve ultra-precision polishing in various industrial fields, such as optics or micro parts.
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